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Analysis  and  characterization  of  the  small-signal  modulation 
of  a  vertical  external  cavity  surface  emitting  laser 

N.  Terry  ,  M.  Walton,  R.  Bedford 

Air  Force  Research  Laboratory,  Wright  Patterson  AFB,  OH  45433-7321 


ABSTRACT 

The  small  signal  modulation  of  a  vertical  external  cavity  surface  emitting  laser  (VECSEL)  is  examined.  The 
modulation  transfer  function  (MTF)  of  the  cavity  is  measured  for  multiple  photon  lifetimes  operating  between 
Class  A  and  Class  B  regimes,  where  the  photon  and  carrier  lifetimes  are  of  the  same  order.  Three  coupled  ordinary 
differential  equations  with  similarities  to  an  electrically-injected  quantum-well  laser  with  a  separate  confinement 
heterostructure  are  used  to  mathematically  describe  the  time-dependant  VECSEL  response.  We  present  a  series 
of  measurements  that  provide  important  laser  parameters  such  as  internal  device  losses  and  differential  gain. 
The  VECSEL  operating  in  this  regime  is  an  overdamped  oscillator  and  has  free-running  characteristics  that  are 
not  unlike  quantum-dot  and  quantum-cascade  lasers. 

Keywords:  semiconductor  laser,  diode-pumped  lasers,  modulation,  relaxation  oscillations,  VECSEL 

1.  INTRODUCTION 

Semiconductor  lasers  are  increasingly  popular  bright  optical  sources,  due  primarily  to  the  advent  of  the  ver¬ 
tical  external  cavity  surface  emitting  laser  ( VECSEL), also  known  as  the  optically  pumped  semiconductor 
laser.  These  lasers  have  been  effective  at  wavelengths  ranging  from  visible^  to  short-wave  infrared®  using  direct 
semiconductor  lasing.  Due  to  the  “open”  nature  of  the  cavity,  nonlinear  crystals  may  also  be  incorporated  to 
efficiently  convert  from  the  ultraviolet  through  upconversion  via  second-harmonic  generation^  to  short-wave  in¬ 
frared  through  an  intracavity  optical  parametric  oscillator.®  Other  nonlinear  components  may  also  be  inserted 
into  the  cavity,  for  example  saturable  absorbers  for  mode-locking.® 

From  a  dynamics  point  of  view,  VECSELs  are  potentially  interesting  because  the  photon  lifetime  and  carrier 
lifetime  can  be  widely  varied,  from  regimes  where  they  are  the  same  order  of  magnitude,  to  regimes  where  the 
two  lifetimes  differ  by  several  orders  of  magnitude.  This  differs  from  traditional  semiconductor  lasers  (both  edge- 
and  surface-emitting),  where  the  photon  lifetime  is  approximately  three  orders  of  magnitude  smaller  than  the 
carrier  lifetime,  identified  as  Class-B  lasers.  Class-A  lasers  (where  the  photon  lifetime  is  much  longer  than  the 
carrier  lifetime)  are  found  at  the  other  limit  of  operation.  VECSELs  therefore  are  tunable  from  weakly  Class-B 
through  to  Class-A  operation,  an  unusual  attribute  of  most  lasers. 

In  this  paper,  we  study  the  small  signal  modulation  of  a  VECSEL.  The  small  signal  regime  is  useful  because 
it  allows  us  to  apply  simplifying  assumptions  to  the  rate  equations.  These  simplifications  result  in  a  simple 
analytic  formula  which  describes  the  output  of  the  laser  as  a  function  of  the  frequency  modulation  of  the  input. 
A  simplified  formula  can  be  used  to  fit  the  data  and  extract  important  operational  laser  parameters  like  the 
resonance  frequency,  the  damping  and  carrier  lifetime.  A  further  analysis  of  the  rate  equations  allows  the 
extraction  the  differential  gain,  scattering  and  absorption  losses,  as  well  as  the  transparency  carrier  density, 
the  shift  carrier  density  and  the  material  gain  of  the  active  region.  All  of  these  parameters  can  be  determined 
through  non-destructive  examination  of  the  laser,  making  the  small  signal  regime  a  useful  analytical  framework 
for  describing  the  VECSEL  system  and  its  components. 

Further  author  information:  (Send  correspondence  to  N.T..) 
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2.  THEORY 


The  basic  theory  of  the  VECSEL  considers  the  interaction  of  the  carriers  in  the  quantum  well  with  the  carriers 
in  the  barrier  and  with  the  photons  in  the  cavity.  These  equations  are  similar  to  that  of  SCH  lasers,  except  there 
are  pump  terms  in  both  the  barrier  and  well  carrier  equations.  The  interplay  between  these  three  quantities  can 
be  described  with  the  following  coupled  differential  laser  rate  equations: 
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Nw  represents  the  carrier  density  in  the  quantum  wells,  Nb  is  the  carrier  density  in  the  barrier  region  and  Np 
the  photon  density.  Pi  is  the  pump  power,  flu;, 6  is  the  absorption  efficiency  at  the  pump  frequency  ujp,  V^^b  is 
the  volume,  Rw,b  is  the  carrier  loss  rates  and  includes  non-radiative  recombination,  spontaneous  emission  and 
Auger  recombination.  The  subscript  of  each  of  these  terms  describes  whether  the  term  applies  to  the  wells  or 
the  barriers.  The  terms  r^jb  and  Tbw  are  respectively  the  lifetime  of  the  transition  of  the  carriers  from  the  barrier 
to  the  well  and  vice-versa.  The  photon  lifetime  is  represented  by  Tp,  Vg  is  the  group  velocity  in  the  gain  region, 
and  T n  is  the  resonant  gain  enhancement.  We  chose  to  represent  the  gain  (gw)  using  a  logarithmic  gain-carrier 
relation,  where  the  transparency  current  density  is  represented  by  Wr  and  Ng  represents  the  shift  carrier  density. 
Psp  is  the  spontaneous  emission  term,  and  T  is  the  3-dimensional  overlap  integral. 


3.  EXPERIMENTAL  SETUP 

3.1.  Active  gain  region 

The  cavity  is  an  epitaxially  grown  mirror/active  region  and  an  external  curved  mirror  supporting  a  stable 
mode.  The  active  region  consists  of  14  strained  InGaAs  quantum- wells  in  a  resonant  periodic  gain  configuration 
with  strain  compensating  layers  designed  to  operate  at  approximately  976  nm  at  20  °C.  The  active  region  is 
heterogeneously  grown  with  a  distributed  Bragg  reflector  and  comprises  one  mirror  of  the  resonator.  Fabrication 
entails  solder  bonding  the  chip  to  a  diamond  heat  spreader,  removing  the  substrate,  and  applying  a  low  reflectance 
single-layer  dielectric  coating  onto  the  surface,  significantly  reducing  both  pump  and  lasing  reflections  from  the 
semiconductor /air  interface.  Further  details  of  this  structure  and  its  cw  performance  can  be  found  elsewhere. 

3.2.  Laser  cavity 

The  setup  is  shown  in  Fig.  1.  A  200  mm  radius  of  curvature  output  coupler  is  placed  3  cm  from  the  gain  region. 
The  cavity  is  allowed  to  run  in  multiple  transverse  and  longitudinal  modes  without  intracavity  Altering  elements. 
The  VECSEL  chip  is  pumped  with  two  808  nm  lasers.  First,  a  high-power  fiber-coupled  laser  bar  imaged  onto 
the  semiconductor  surface  at  an  angle  of  approximately  40-degrees  results  in  a  pump  ellipse  with  a  minor  axis 
of  200  gm,  herein  referred  to  as  “bias  pump.”  This  laser  provides  a  time-independent  value  for  Pi  in  Equations 
1  and  2.  For  the  modulation  tests,  a  second,  lower  power  ridge  laser  at  nominally  the  same  wavelength  is  biased 
above  threshold  and  is  sinusoidally  modulated  with  an  RMS  optical  amplitude  of  approximately  18  /rW.  This 
second  ac  pump  is  imaged  onto  the  chip  surface  and  overlaps  an  area  slightly  smaller  than  the  bias  pump  to 
allow  for  high  speed  controllable  small-signal  modulation. 

The  electrical  input  to  the  ac  pump  is  adjusted  to  compensate  for  the  MTF  response  of  the  ridge  laser,  thus 
maintaining  constant  output  optical  amplitude  independent  of  modulation  frequency.  This  explicitly  isolates 
the  response  of  the  VECSEL  for  the  purposes  of  characterizing  the  laser  itself.  The  combination  of  these  two 
pumps  allows  for  biasing  the  VECSEL  above  threshold  and  modulating  small  amplitudes  above  this  bias  point. 


Proc.  of  SPIE  Vot  7597  75972B-2 

2 


Downloaded  from  SPIE  Digital  Library  on  28  May  2010  to  134.131.125.50.  Terms  of  Use:  http://spiedl.org/terms 


ac 


spectrum 

analyzer 


pump 


Figure  1.  A  diagram  of  the  experimental  setup.  The  optical  cavity  consisted  of  an  active  gain  region  and  a  200  mm 
radius  of  curvature  output  coupler.  The  cavity  is  optically  pumped  with  two  lasers.  One  pump  laser  operates  at  a  fixed 
bias  pump  power;  modulation  is  introduced  via  the  ac  pump  laser.  The  VECSEL  output  is  fiber  coupled  into  a  spectrum 
analyzer  which  is  used  to  measure  the  modulation  transfer  function. 


and  is  not  dissimilar  to  direct-drive  modulation  of  electrically  injected  lasers.  The  bias  power  out  of  the  cavity  is 
maintained  at  1  W  or  less  to  minimize  thermal  loading,  which  is  ignored  in  the  model.  Output  from  the  VECSEL 
is  characterized  using  a  pyrometer  for  measuring  the  bias  output  power;  the  output  was  also  characterized  by 
using  a  high-speed  detector  connected  to  an  rf  spectrum  analyzer. 

Due  to  the  versatility  of  the  VECSEL,  there  are  multiple  ways  to  adjust  the  photon  lifetime,  given  by: 


1 


1  /  CVg  \ 

2  \^VgLp  cLa  ) 


(5) 


where  c  and  Vg  are  the  speed  of  light  in  the  passive  region  and  group  velocity  in  the  active  region,  respectively. 
The  lengths  of  the  active  and  passive  regions  are  given  by  La  and  Lp ,  respectively,  while  the  mirror  reflectivity  is 
given  by  Ri  and  i?2.  The  distributed  Bragg  reflector  (DBR)  has  a  calculated  reflectance  greater  than  0.999;  our 
outcoupler  reflectance  {R2)  was  varied.  Finally,  losses  within  a  round  trip  are  dominated  by  scattering  at  the 
semiconductor-air  interface,  which  is  accounted  for  by  S.  To  change  the  photon  lifetime,  it  is  straight  forward 
to  simply  adjust  the  passive  cavity  length  (distance  between  the  chip  and  the  output  coupler),  however  in  this 
linear  cavity,  this  also  changes  the  mode  size  on  the  semiconductor  and  therefore  changes  in  Equation  3.  Rather, 
we  chose  to  vary  the  reflectance  of  the  output  coupler,  which  leaves  the  mode  overlap  identical.  We  used  four 
output  couplers  which  we  have  measured  the  reflectances  to  be  0.959,  0.983,  0.99,  and  0.995.  These  correspond 
to  photon  lifetimes  of  3.51  ns,  6.37  ns,  7.66  ns,  and  12.08  ns,  respectively.  The  carrier  lifetime  (a  value  nominally 
Rw/Nuj)  is  on  the  order  of  5  ns,  therefore  we  are  investigating  the  border  region  between  Class-A  and  Class-B 
lasers. 


4.  RESULTS  AND  DISCUSSION 

An  analysis  of  the  steady-state  (cw)  output  from  the  VECSEL  provides  insight  into  some  of  the  terms  in 
Equations  1-4.  Ignoring  spontaneous  emission,  Equations  1-3  show  the  output  power  of  the  VECSEL  (Po)  above 
threshold  is  related  to  the  input  power  and  the  recombination  losses  of  the  system  according  to: 


Po  —  ZQTTApPi  —  ZTiujiTt  (14,7?^,  -I-  VbRt,)  (6) 

where  coi  is  the  output  frequency  of  the  VECSEL  and  Ft  is  the  transverse  mode  overlap  of  the  input  pump 
modes.  The  output  power  as  a  function  of  bias  pump  input  power  for  the  various  cavity  configurations  is  shown 
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Figure  2.  The  output  of  the  VECSEL  as  a  function  of  pnmp  power  for  3  different  cavity  configurations.  The  output 
coupler  of  each  cavity  had  a  unique  reflectivity  and  photon  lifetime. 


in  Figure  2  The  difference  in  pump  photon  and  lasing  photon  energies  is  given  by  the  quantum  defect,  Ap,  while 
n  is  the  total  absorption  of  the  pump  light  by  the  semiconductor  chip.  The  term  Z  accounts  for  the  fact  that  not 
all  the  optical  losses  of  the  cavity  are  due  the  output  coupler;  optical  scattering  losses  are  also  a  consideration. 
This  is  especially  important  in  the  case  of  higher  reflectivity  mirrors,  where  the  fraction  of  light  that  is  lost  to 
scattering  may  be  of  similar  magnitude  to  light  that  is  transmitted  through  the  outcoupler.  The  Z  term  takes 
this  into  account  by  noting  that  the  useful  output  power  of  the  VECSEL  is  proportional  to  the  ratio  of  the 
mirror  losses  to  the  total  losses: 


log  (^2 

log(i?r'i?2-')+log(5-i)- 


(7) 


4.1.  Determining  the  internal  scattering  losses  and  absorption 

In  this  analysis,  we  first  look  at  the  slope  efficiency,  the  derivative  of  Equation  6: 

Ig  =  (8) 

In  this  equation,  we  can  calculate  the  photon  defect  because  the  pump  and  lasing  wavelengths  are  known. 
The  transverse  mode  confinement  may  also  be  calculated  through  the  pump  size  and  the  known  sizes  of  the 
Hermite-Gaussian  modes  on  the  active  region.  This  leaves  us  with  an  absorption  constant  (fl)  and  Z.  The 
scattering  losses  and  the  absorption  in  the  active  region  can  be  determined  by  measuring  the  slope  efficiency 
for  several  cavity  configurations  with  different  output  couplers.  As  we  look  at  the  slope  efficiency  (plotted  in 
Fig.  3a)  as  a  function  of  mirror  reflectance  and  fit  this  with  Equation  8  as  a  function  of  mirror  reflectance,  we 
extracted  the  absorption  constant  as  well  as  the  scattering  loss;  an  excellent  fit  of  Equation  8  to  the  data  was 
obtained  for  a  scattering  value  of  5=0.992  and  an  absorption  of  12=0.655.  We  should  note  that  this  scattering 
term  is  somewhat  smaller  than  a  typical  value  one  would  desire  to  use  in  a  high-efficiency  laser,  where  we  would 
hope  S  >0.995.  This  method  is  analogous  to  the  cutback  method  for  characterizing  semiconductor  and  fiber 
lasers,  because  although  we  are  not  adjusting  the  internal  loss  term,  we  are  adjusting  the  mirror  loss.  This 
is  an  interesting  capability  for  these  lasers  because  unlike  the  cutback  method,  this  method  is  non-destructive 
for  these  lasers,  allowing  us  to  measure  the  same  laser  that  may  undergo  further  analysis  (such  as  small-signal 
modulation) . 
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Figure  3.  a)The  scattering  losses  and  the  absorption  of  the  gain  region  can  be  determined  by  measnring  the  slope 
efficiency  for  cavity  configurations  with  different  output  couplers.  These  two  values  are  determined  by  using  them  as 
fitting  parameters  in  Equation  8.  b)  By  fitting  the  experimentally  measured  relationship  between  the  threshold  pump 
power  and  the  photon  lifetime  of  each  cavity  configuration  with  the  equations  presented  in  Section  4.2,  we  determined 
the  transparent  carrier  density,  the  shift  carrier  density  and  the  gain  coefficient  of  the  VECSEL. 


4.2.  Determining  the  internal  scattering  losses  and  absorption 

We  may  rewrite  Equation  6,  taking  the  limit  that  Po  is  zero,  to  represent  the  threshold  power: 

Pth  =  ^  +  VbRb)  ■  (9) 

The  transparent  current  density,  the  gain  coefficient  and  the  shift  carrier  density  can  be  determined  using 
Equation  4,  provided  the  steady  state  gain  and  the  threshold  carrier  density  TVu,  are  known.  We  can  determine 
the  threshold  carrier  density  by  using  Equation  6.  The  threshold  condition  can  be  realized  by  recalling  that  the 
recombination  losses  are  of  the  form,  Rj^^b  =  A^,bNu),b  +  Bw,bN'^  ^  +  Cu),bNw  b  ^  where  A  represents  non-radiative 
recombination,  B  represents  radiative  recombination  and  C  represents  Auger  recombination  for  each  of  the  wells 
and  barriers,  as  denoted  by  the  subscripts.  We  may  safely  ignore  the  barrier  contribution  Rb,  as  the  barrier 
lifetime  is  sufficiently  large,  even  though  14  is  much  larger  than  14,,  because  Nb  remains  small  compared  to 
Nw  Assuming  that  these  values  are  known  for  the  material  of  interest,  it  is  a  simple  matter  to  determine  the 
threshold  carrier  density  i\4,,  as  a  function  of  Tp.  Furthermore,  with  the  values  of  S  found  from  fitting  the  slope, 
we  may  determine  the  explicit  relation  between  output  coupler  reflectance  and  photon  lifetime.  The  steady  state 
gain  can  be  determined  through  Equation  3.  If  we  ignore  the  contribution  of  spontaneous  emission  (/3sp=0), 
we  can  use  Equation  3  to  solve  for  the  steady  state  gain,  g^j.  The  data  and  the  associated  fits  are  shown  in 
Figure  3b.  This  fit  varies  somewhat  from  the  data,  which  may  be  due  to  poor  choices  in  A,  B,  and  C,  or  more 
seriously,  may  indicate  either  the  power  series  for  the  carrier  loss  term  is  an  inappropriate  approximate,  or  that 
the  gain-carrier  relation  varies  from  the  logarithmic  relation. 

4.3.  Using  the  steady-state  values  to  baseline  computations 

We  may  use  the  values  determined  in  Sections  4.1  and  4.2  to  show  that  our  modeling  accurately  predicts  the 
power  characteristics  in  steady-state.  Figure  4  shows  the  numerical  data  along  with  experimental  data  using 
values  of  S,  fl,  and  the  gain-carrier  relation  previously  determined. 

Though  the  slope  agreement  is  outstanding,  there  is  a  disagreement  in  threshold.  Due  to  the  simplicity  of 
the  model  along  with  the  potential  that  the  carrier  loss  terms  are  limited  in  applicability,  the  agreement  between 
theory  and  experiment  is  reasonable. 
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Figure  4.  Simulated  and  experimentally  determined  data,  a)  Power  curve  of  the  VECSEL  for  various  out-coupler 
reflectances.  Circle  data  are  measured  values,  while  solid  lines  are  simulated  steady  state  values,  and  essentially  equivalent 
(at  least  above  threshold)  to  the  algebraic  line  of  Equation  6  b)  The  derivative  of  (a),  showing  good  agreement  near 
threshold,  but  a  fall  off  at  higher  powers  because  the  numerical  solutions  ignore  temperature,  an  important  feature  as 
pump  power  density  increases. 


Table  1.  Matrix  terms  used  to  derive  the  exact  analytical  solution 


coefficient 

function 

^WW 

^wb 

1 

1 

'Jws 

VgV  rGq  +  VgV  RapNpQ 

^bw 

1 

Lh  Thu, 

Ibb 

—  H — — 

Th  r,„b 

'Isw 

—VgTRTaNpo  —  2Psp^Bi„Niuo 

Iss 

—  VgV  RVapNpQ 

4.4.  Determining  resonance  frequency,  damping  factor 

We  can  use  Equations  1-4  and  perturb  the  system’s  Nyj,  Nf,,  Np,  Pi  and  g^,  with  a  first  order  Taylor  expansion. 
Using  the  Cauchy  formalism,  we  may  arrive  at  an  exact  analytical  solution: 


MTF{uj) 


^ww^ss  ^sw^ws 


‘^vjb’^bin'jas 

7bb 


1  -I-  iio/^hb 


7bb  vT 


Iwb 


■  W 


■ 


^wwls 


^sw'^u 


Iwblbmlss 


-  +  Z  7^^  +  7^5  - 


Iwblhw  j  ^ 
7bb+2Cd  )  ' 


(10) 


where  the  7„m  terms  represent  the  n  element  being  acted  upon  by  the  m  element.  These  elements  are  explicitly 
given  in  Table  1.  The  first  term’s  frequency  dependence  in  Equation  10  is  dominated  by  l/ytb,  a  value  that  is 
essentially  proportional  to  the  barrier  to  well  scattering  rate.  The  second  element  in  Equation  10  is  a  constant 
resulting  from  the  normalization  procedure.  The  third  term  is  not  dissimilar  to  the  traditional  damped  driven 
harmonic  oscillator  with  extra  frequency  terms  in  the  coefficients.  Above  threshold,  it  is  typically  acceptable 
to  ignore  spontaneous  emission  as  we  did  to  arrive  at  Equation  6;  this  simplifies  Equation  10  by  removing  the 
second  term  from  jsw  and  forces  jss  to  become  zero.  This  approximation  creates  a  very  good  approximation  to 
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Figure  5.  A  comparison  performance  various  cavity  configurations  which  presents  the  MTF  for  similar  pump  biases 
relative  to  the  threshold  pump  power. 


the  exact  analytical  solution: 

MTF{w) 

where: 


1  —  i- 


Ir-lbbJ  \l  +  iio/^bbj  +  i'j{L0)L0' 


=  --fswlu 


7(w)  = 


'^wb'lbw 

lbb\l  +  ibohbb 


'T't  —  '^wb 


flb/Vb 

^w/^w 


(11) 


For  typical  VECSEL  parameters,  the  first  term  of  Equation  11  remains  close  to  unity.  The  damping  term  remains 
essentially  constant  as  well,  for  typical  VECSEL  values.  With  the  added  approximation  that  l/"fbb  ~  we 
may  simplify  Equation  11  to  a  standard  3-pole  modulation  response. The  output  power  as  a  function  of 
frequency  is  given  by 

|MrF(a;)|^  « 

where  again  lo  is  the  modulation  frequency,  ujr  is  the  resonance  frequency,  7  is  the  damping  factor  and  r^b  is  the 
relaxation  time  of  carriers  from  the  barrier  to  the  well. 

The  MTF  and  the  resultant  fit  at  various  VECSEL  output  powers  are  shown  in  Figure  5.  Each  of  these  fits 
provided  values  for  the  resonance  frequency,  the  damping  factor  and  the  carrier  lifetime  for  the  output  power 
and  corresponding  configurations  of  the  VECSEL.  The  resonance  frequencies  and  the  damping  factor  associated 
with  each  of  these  fits  are  presented  in  Table  2. 

It  should  be  noted  that  while  the  data  can  be  fitted  with  the  3-pole  model  of  Equation  12,  it  is  also  possible 
to  fit  the  data  using  the  standard  two  pole  model  which  neglects  the  relaxation  time  of  the  carriers  from  the 
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Table  2.  The  resonance  frequency  {cOr),  damping  (7)  and  the  differential  gain  (a)  were  extracted  by  fitting  the  MTF 
data  to  Equation  12.  This  data  was  determined  for  300mW  of  output  power  (Po)- 
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Figure  6.  Example  MTF  data  with  fits  from  Equation  12  as  well  as  the  more  typical  two-pole  function  found  in  the 
literature.  This  indicates  it  may  be  sufficient  to  use  the  two-pole  function  for  fitting. 


barriers  to  the  wells.  A  comparison  of  the  fit  of  the  data  using  the  two-pole  vs.  the  three-pole  fit  is  shown  in 
Figure  6  Using  the  two-pole  produces  significant  differences  in  the  extracted  resonance  frequency  and  damping 
constant. 


4.5.  Determining  the  differential  gain 

The  resonance  frequency  of  the  laser  is  related  to  the  differential  gain  of  the  laser  according  to: 


p: 


(13) 


where  the  differential  gain  is  given  by  a  .  By  plotting  the  resonance  frequency  data  presented  in  Section  4.4  as  a 
function  of  the  photon  density,  the  differential  gain  for  each  VECSEL  cavity  configuration  was  determined.  The 
resonance  frequencies  and  the  fit  to  Equation  13  are  provided  in  Figure  7.  The  values  of  the  differential  gain 
for  the  different  configuration  are  presented  in  Table  2,  which  shows  that  the  differential  gain  increases  as  the 
photon  lifetime  increases. 


5.  CONCLUSION 

In  this  paper,  we  have  analyzed  a  VECSEL  and  determined  a  series  of  operational  parameters  by  examining  the 
relevant  laser  rate  equations.  The  rate  equations  describe  the  interaction  of  the  carriers  in  the  wells,  the  carriers 
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Figure  7.  By  plotting  the  resonance  frequency  as  a  function  of  photon  lifetime  and  fitting  the  data  to  Equation  13,  the 
differential  gain  of  the  VECSEL  cavity  can  be  determined. 


in  the  barrier  region  and  the  photons  in  the  cavity,  under  the  assumption  of  a  logarithmic  dependence  of  the  gain 
on  the  carrier  density  in  the  quantum  wells.  Examining  these  equations  under  steady  state  conditions  provided 
an  equation  for  the  output  power  as  a  function  of  input  power.  By  fitting  this  relationship  to  measurements 
of  the  laser  threshold,  we  determined  the  transparency  carrier  density,  the  shift  carrier  density  and  the  gain 
coefficient.  Variations  in  the  threshold  data  suggest  that  temperature  effects  are  important.  Our  analysis  of 
the  rate  equations  yielded  an  expression  for  the  slope  efficiency;  we  used  this  relationship  to  fit  experimental 
measurements  of  the  slope  efficiency  and  determined  the  optical  scattering  and  the  pump  absorption  of  the  cavity. 

We  also  studied  the  VCSEL  in  the  case  of  small  signal  modulation.  The  rate  equations  were  examined 
by  perturbing  the  carrier  density,  the  photon  density,  the  optical  pumping  and  the  gain  with  a  first  order 
Taylor  expansion,  we  determined  a  mathematical  expression  for  the  MTF  of  the  laser.  We  fitted  this  formula 
to  experimental  measurements  of  the  MTF  to  extract  the  resonance  frequency,  the  damping  factor  and  the 
transition  lifetime  of  the  barriers  to  the  well.  A  comparison  of  the  resonance  frequencies  for  different  cavity 
configurations  with  different  photon  lifetimes  enabled  us  to  determine  the  differential  gain. 
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